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Abstract

cess called light curve inversion. Light curve inversion
has been traditionally used to determine the attitude
or shape of objects such as asteroids[3]. However,
this process typically involves taking measurements
of the object over a long period of time. Applying this
method to Earth-orbiting space objects (SO) like debris has been difficult due to the non-linearity of the
problem, sparseness of measurements, and the nature
of SOs. Holzinger et al[4]. explain that difficulties in
applying light-curve inversion to SOs include the fact
that an SO may be controlling its own attitude, and
SOs may be symmetric in shape which can lead to
difficulty in distinguishing the proper motion of the
object
In order to resolve some of these difficulties, the
approach of this paper is to combine the simultaneous measurements of two separate observer locations.
The combination of the measurements from both locations allows for more information about the object
to be obtained. Additionally, the use of simultaneous
measurements allows for the object attitude to be determined without having to take measurements over
a long period of time.
The main contribution of this paper is the characterization of the parameters necessary to implement
the use of simultaneous two-site photometry for the
attitude determination of SOs.

Attitude determination of space objects is difficult
due to the non-linearity of the data and sparseness of
available measurements. The combination of simultaneous photometry from two observation sites allows for more information to be obtained in a shorter
amount of time. The characterization of the parameters necessary to complete this simultaneous two-site
photometry are presented along with simulated results.

1

Introduction

Currently there are a thousands of space debris objects orbiting the earth. In Bauer et al [1] it is estimated that there are around 700,000 pieces of debris
that are greater than 1 cm in diameter. These debris pose a threat to both future and current space
missions. Due to these conditions the tracking and
characterization of debris objects is of great importance.
Part of characterizing debris objects is determining the attitude of the debris. Currently, much of
attitude determination of debris objects is carried
out in low-Earth orbit (LEO) using radar systems.
However, Yanagisawa and Kurosaki [2] state that a
cheaper alternative to attitude determination is utilizing light curves of debris objects obtained using an
electro-optical sensor or telescope. An electro-optical
sensor is not limited to observing objects in LEO,
but is capable of viewing objects in higher orbits. It
is possible that the use of optical sensors in attitude
determination could provide information for objects
outside of LEO.
Light curves are a time history of an objects photometry or perceived brightness. Attitude information can be obtained from light curves through a pro-

2

Test Parameters

The photometric measurement used in forming lightcurves for the attitude determination of an SO is the
apparent magnitude of the object. In order to determine the conditions under which it is possible to
advantageously combine simultaneous measurements
the following parameters were considered: the orbit
of the object, the separation between the two observation sites, and the type of reflection experienced by
the object. A diagram outlining some of the features
of the simulation are presented in figure 1.
As can be seen from the figure 1 the general ap-
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observation sites, simulating the orbit of an object,
incorporating the dynamics and shape model of the
SO, and implementing a bidirectional reflectivity distribution function (BRDF) model to mimic the light
reflection. For the light-curve inversion a bootstrap
particle filter was used. Each of these different components of the simulation and measurement processing are discussed below.

3.1

Orbit and the observer locations

The observer locations are specified using latitude
and longitude, and then the inertial positions of the
observatories were calculated using an equation found
in Chapter 5 of [5]. All observer locations are assumed to be at sea-level. . The vectors v from the
object to the observers as illustrated in figure 1 are
then found for a specified length of time. The sun vecFigure 1: Diagram illustrating the setup of using two tor s is selected based off of the desired phase angle of
observer locations to take photometric measurements the simulation. For the simulation, the sun is located
in the equatorial plane. The negative unit vector of
the object at the measurement epoch is calculated
proach is to specify the location of the two observa- and then s is scaled by 1 AU and held constant to
tion sites by specifying the latitude and longitude of give the sun vector for the observations. This gives
each observation site. The object is then placed into a phase angle, φ of 0 degrees which corresponds to
an orbit of the desired altitude such that it was vis- making the object very visible.
ible to each of the observation sites throughout the
measurement collection. The initial setup is to have
two observer locations spaced equally apart in lati- 3.2 Dynamics
tude or longitude with the object directly between
the observation sites. Non-symmetric scenarios are Following the method outlined by Holzinger et al in
also tested in which there are uneven latitude and [4], 3-2-1 Euler angle rotations from the inertial frame
longitude spacings between the observation locations I to the object body frame B were used as the state
and the initial object position is nearer to one of the for the attitude with the simplified dynamics being
observatories than the other. Both a middle-earth
B
(1)
θ̇ I = B(θ B
orbit (MEO) and a geosynchronous orbit (GEO) are
I )(ω µ + δω)
considered.
where
The type of reflection used in this simulation was
an important parameter. The two types of reflection


used are specular and diffuse reflection. Specular re0
sin θ3
cos θ3
flection is the reflection on a smooth surface. Diffuse B(θB ) = 1  0
cos θ2 cos θ3 − cos θ3 sin θ3 
I
cos θ2
reflection of light is the reflection on a rough surface
cos θ2 sin θ2 sin θ3
sin θ2 cos θ3
in which the incident light can be scattered into multiple directions. A greater discussion of the reflection cos
and ωµ is the mean rotation rate of the spacecraft
models used is given in section 3.4.
and δω is drawn from a covariance matrix. If the
mean rotation rates are not known then the ωµ term
can be set to 0 and the angular rate uncertainty in3 Simulation
creased. This gives
To test the chosen parameters, the apparent magB
nitude measurements are generated and a tool for
θ̇ I = B(θ B
(2)
I )δω
performing the light-curve inversion on the simulated
measurements is implemented. Obtaining measureThe dynamics model of equation 2 is used in the
ments involved the simulation of the location of two simulations of this paper.
2

3.3

Shape model

BRDF functions, ρ, are a way to combine the specular and diffuse reflections of the surface of an object
The shape model is what determines how the light
to get the total reflection of light.For the simulations
reflects off of the object. For the test cases of the
of this paper, the equations of [4] were again implesimulation, a flat plate was used to represent reflecmented. However, for simplicity in writing, the extion from a solar panel. Again in [4] a model is given
plicit functionality of the terms given will be dropped.
for a facet shape which uses facets comprising an obThis involves using the Lambertian reflectance for difject and the visible area of the object to approximate
fuse modeling and the Cook-Torrance BRDF function
the entire shape of the object. This is shown below
[7] for the diffuse reflection.
in equation 3.
The BRDF combining these two models is
Z

S(θ B
I , ŝ, v̂, λ)dA ≈

vis

Nf
X

Ai,vis ρi (B ŝ,B v̂,B n̂i , p̂i , λ)

ρi = ξi Rd + (1 − ξi )Rs

(5)

i=1

(3)
In this case, S is the reflectance over the actual
These parameters will be explained in the subseshape of the object, Ai,vis is the visible area of the quent material. The Lambertian reflectance is
facet and ρ is the weighted reflectance function which
is discussed in the next subsection. The terms B ŝ and
ai (B n̂ ·B ŝ)
B
Rd =
v̂ are the sun and observer vectors expressed in the
π
body coordinate frame of the object.
The term ai is the diffuse albedo. The specular
For convex shape models the visible area of each
reflectance
function is found using the Cook-Torrance
facet can be calculated as
model [7]:
Ai,vis → Ai hn̂i · v̂ihn̂i · ŝi
Rs =

Where Ai , is the area of facet i, and h·iis the nonnegative operator defined as
(
x x≥0
hxi =
0 x<0

Where
F =

Using equation 3 it is then possible to find the photometric intensity of the shape model at a given time
over wavelengths λ

I Λ (θ βI , s, v)


=

1
vT v

Z


S̃s (s, λ) 

Λ

Nf
X

c =B v̂ ·B ĥ

3.4

gi2 = n2i + c2 − 1

with ni being the facet index of refraction and h =
v+s.
The Beckmann distribution D is


Ai,vis ρi  dλ

(4)
The S̃s (s, λ) is the illumination intensity of the sun
at a given distance. For the simulations of the paper only the wavelengths of the visible light spectrum
were used.
Using equation 4it is then possible to find the apparent magnitude at a given time which is then used
to generate the light-curves used in estimating the
attitude of the SO.
MΛ =



1(gi − c)2
(c(gi + c) − 1)2
1
+
2(gi + c)2
(c(gi + c) + 1)2

is the Fresnel equation and

i=1

−2.5log10 (I Λ (θ βI , s, v))

F
D
G
B
B
B
4 ( n̂ · ŝ) ( n̂ ·B v̂)

1
D=
exp(−
2
πmi cos4 γi



tan2 γi
m2i



with m being the slope factor of the facet and
γi = cos−1 (B n̂i ·B ĥ)
The geometric attenuation factor is
(

2cosγi (B n̂ ·B v̂) 2cosγi (B n̂ ·B ŝ)
G = min 1,
,
(B v̂ ·B ĥ)
(B v̂ ·B ĥ)

− 26.74

BRDF

)

Using these equations it is possible to simulate the
BRDF which leads to generating the light-curves used
to determine the attitude of the SO.

The bidirectional reflectance distribution function is
a way of representing light reflecting off a surface[6].
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3.5

Light-curves

The simultaneous measurements obtained from the
two observation locations need to be significantly different from each other. When this is not the case,
computer processing time is wasted in processing the
same measurement twice. The object’s orbit, the
symmetry of the observation set up and the type of
reflection greatly affect the measurements being obtained. The following figures are examples of light
curves generated during the simulations of this paper
and illustrate the effects of these parameters. Note
that when the apparent magnitude is shown as 100,
this is when the object had no visible area.

Figure 3: Light-curves generated with object in
MEO. Observation locations evenly spaced apart
along the equator with object starting position in between them

Figure 2: Light-curves for object in GEO with both
a symmetric and asymmetric separation of the observation locations from the object

For the GEO case illustrated in figure 2 , the two
sets of light-curves are very similar to each other.
With noise added to the measurement, both observation locations output the same measurement.
The figures 3-5 are the light-curves from an object
in MEO. In these figures the measurements presented
are for the data collected when the observation locations are in a symmetric setup, when the observation
locations are in a non-symmetric setup, and when the
diffuse reflection has been turned off by setting ξ = 0.
For the symmetric setup of figure 3 the light-curve
measurements are similar to those of the GEO measurements in that it is very difficult to distinguish
between the measurements from each observatory.
However, in figures 4 and 5 the asymmetry of the
setup seems to allow for distinct measurements to be
made. Figure 5 also illustrates that turning off the
diffuse reflection can also help to further differentiate
the measurements. It is possible that a high altitude
the diffuse reflection appears the same to both observatories.

Figure 4: Light-curve generated for MEO object with
asymmetric setup. One observatory was located on
the equator and the other observatory separated by
both latitude and longitude
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Where v is process noise. The measurement model
for a measurement, z, at time k is

zk = hk (xk , k) + wk
= MΛ + wk
where w is the measurement noise at time k. With
the equations as defined above, the BF algorithms of
[4] can be implemented.

5

Results

This section contains the results for two cases, the
Figure 5: Light-curves generated for the same setup first case is that of the object in MEO with the obas in figure 4 except that ξ = 0 which makes the servatories space asymmetrically apart. The second
test is that of asymmetric setup of the GEO object.
reflection entirely specular.
For all of the test cases, the initial state of the flat
plate was set so that the body frame was aligned with
4 Particle Filter
the inertial frame. The rotation rate was set so that
there was only rotation in the z-direction. For MEO
For the simulations of this paper a bootstrap filter
the actual rotation rate was set at 1 degree per sec(BF) was employed. The bootstrap filter is a particle
ond, and measurements were collected every 1 second
filter designed to recursively estimate the probability
for 360 seconds. The results of the MEO object case
density function of the state [8]. The BF is advantaare presented in figures 6-8. For this setup, the inigeous in that it can be implemented with non-linear
tial 1 − σ errors added into the initial state, rotation
or non-Gaussian systems. The way that the BF is imrate, and measurements were 1 degree, 0.1 degree per
plemented is that it first takes a distribution of the
second, and 1 apparent magnitude respectively. The
state that it propagates forward. Then a weighting
plots provided are the time history of the different
function is used to assign a weight to each of the parangle errors over the measurement time. The three
ticles. After the weights have been assigned, a resamplots of each figure have the solution obtained using
pling of the particles occurs in which a distribution is
the two simultaneous measurements compared to the
obtained based off of the particles that were given the
results obtained using a single measurement site, and
largest weighting function. This means that a distrijust the propagation of the initial conditions based
bution of N particles are first propagated. Then when
off of the dynamics.
a measurement is received, weights are assigned, and
the resampling will create another set of N particles
that is comprised only of the particles that received
the highest weight in the intial sampling.
In [4] the algorithms are given for implementing
the BF in the context of light-curve inversion. In
this case the apparent magnitude measurements are
used to obtain the weights of the particles. For the
simulations of this paper the equations outlined in
[4] were used, but with the shape model bias terms
neglected.
The state that was propagated was just the 3-2-1
Euler angles from the inertial to the body frame.
x = [θ B
I ]
This state was propagated using
Figure 6: Angle error of θ1 for the MEO case

B

θ̇ I = B(θ B
I )δω + v
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As can be seen from the figures. While not converging wholly upon the true solution, the two-site
method yielded a solution with smaller error than
that of just using one-site or no measurements.
For GEO the actual rotation rate was set at 0.1
degree per second, and measurements were collected
every 10 second for 3600 seconds.The results of the
GEO object case are presented in figures 9-11. For
this setup, the initial 1−σ errors added into the initial
state, rotation rate, and measurements were 1 degree,
0.01 degree per second, and 1 apparent magnitude
respectively. The type of plots shown are the same
as for the MEO case.

Figure 7: Angle error of θ2 for the MEO case

Figure 9: Angle error of θ1 for the GEO case

Figure 10: Angle error of θ2 for the GEO case

Figure 8: Angle error of θ3 for the MEO case

As can be seen from the figures, for the GEO case,
the data from an additional sensor does not greatly
improve the results obtained from using a single observatory. Due to the similarity in the measurements,
the same basic result is obtained.
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Future work

The further characterization of the parameters necessary for multi-site attitude determination is left for
future work on this project. The effects of using more
than two observatories in data collection, changing
the rotation rate of the object, changing the intial
phase angle between the sun and the object, and
changing the timing of the observations are all parameters to consider and further characterize for realworld trials.
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